Retrovirus entry into cells follows receptor binding by the surface-exposed envelope glycoprotein (Env) subunit (SU), which triggers the membrane fusion activity of the transmembrane (TM) protein. TM protein fragments expressed in the absence of SU adopt helical hairpin structures comprising a central coiled coil, a region of chain reversal containing a disulfide-bonded loop, and a C-terminal segment that packs onto the exterior of the coiled coil in an antiparallel manner. Here we used in vitro mutagenesis to test the functional role of structural elements observed in a model helical hairpin, gp21 of human T-lymphotropic virus type 1. Membrane fusion activity requires the stabilization of the N and C termini of the central coiled coil by a hydrophobic N cap and a small hydrophobic core, respectively. A conserved Gly-Gly hinge motif preceding the disulfide-bonded loop, a salt bridge that stabilizes the chain reversal region, and interactions between the C-terminal segment and the coiled coil are also critical for fusion activity. Our data support a model whereby the chain reversal region transmits a conformational signal from receptor-bound SU to induce the fusionactivated helical hairpin conformation of the TM protein.
Retrovirus infection is initiated by the viral envelope (Env) glycoproteins that comprise a receptor-binding subunit (SU) associated with a transmembrane (TM) protein. Envelope glycoproteins are synthesized as precursors and are processed in the Golgi apparatus to yield a mature functional SU-TM protein complex. The mature Env proteins are incorporated into budding virions at the plasma membrane. Retrovirus entry into cells follows SU-mediated attachment to cellular receptors and TM protein-mediated fusion between the viral envelope and target cellular membrane. Cell surface-localized Env proteins can also mediate cell-to-cell retrovirus transmission by fusion between infected cells and target cells.
X-ray crystallography and nuclear magnetic resonance studies have revealed structural similarities in TM protein fragments derived from diverse retroviruses (7, 11, 22, 28, 33, 48, 51) , orthomyxoviruses (6, 13, 42, 52) , a filovirus (Ebola virus) (34, 50) , and a paramyxovirus (simian virus 5) (4). Retroviral and filoviral TM protein structures are long rods comprising an N-terminal central triple-stranded coiled coil, a disulfidebonded loop associated with a chain reversal at the base of the rod, and a structurally diverse C-terminal ectodomain segment that packs against the exterior of the central coiled coil in an antiparallel manner. These structures, referred to as helical hairpins (12, 45) , imply that the hydrophobic N-terminal fusion peptide and C-terminal TM sequence are juxtaposed at one end of the rod in a fusion-activated or postfusion conformation.
Retroviral TM protein hairpins resemble the fusion-activated conformation of the influenza virus TM protein, HA2, suggesting a common mechanism for membrane fusion. The conformational changes accompanying HA2 fusion activation, which are induced by low endosomal pH, involve a helical extension at the N terminus of the central coiled coil which would relocate the fusion peptide from the HA2 core to the tip of the rod, allowing insertion into the target cellular membrane. The envelope-proximal portion of the coiled coil refolds, resulting in reversal of the chain direction, packing of the C-terminal segment on the outside of the coiled coil, and placement of the TM sequence close to the N terminus (6, 14) . These conformational changes are thought to draw together and destabilize the viral envelope or infected cell membranes and target cell membranes, inducing membrane fusion. The fusion potential of HA2 is thought to result from the low-pHinduced transition from the metastable, prefusogenic conformation to the most stable, fusion-activated conformation (9, 13, 14) . Recent biochemical studies with human immunodeficiency virus type 1 (HIV-1) and avian leukosis and sarcoma virus Env indicate that binding between the viral SU and cellular receptor(s) leads to conformational changes in the SU-TM complex that correlate with increased TM protein hydrophobicity and membrane fusion activity (15, 26, 27) .
We reported recently the 2.5-Å-resolution crystal structure of the human T-lymphotropic virus type 1 (HTLV-1) gp21 helical hairpin (28) (Fig. 1A) . The structure of gp21 encompassed residues Met-338 to Thr-425 and was solved as part of a chimera with Escherichia coli maltose-binding protein (MBPgp21). Here we describe the functional consequences of mutating residues within the key structural elements of gp21 that are conserved in retroviral and filoviral TM hairpins. We identified functional roles for (i) a hydrophobic structure that caps the N terminus of the central coiled coil (Fig. 1B); (ii) the region of chain reversal comprising a small hydrophobic core containing Phe-386, a conserved Gly-Gly motif preceding the disulfide-bonded loop, the conserved salt bridge formed between Glu-398 (found within the disulfide-bonded loop) and Arg-380 at the base of the coiled coil, and a conserved solventexposed phenylalanine residue (Phe-402) located C terminal to the disulfide-bonded loop (Fig. 1D) ; and (iii) sites of interaction between the C-terminal ectodomain segment and the coiled coil (Fig. 1E ).
MATERIALS AND METHODS
Cell lines and viruses. 293T and HeLa cells were transfected by the Fugene procedure (Boehringer GmbH, Mannheim, Germany) and maintained in Dulbecco's modification of minimal essential medium with 10% fetal calf serum (complete medium). The recombinant vaccinia virus vTF7.3, which drives expression of bacteriophage T7 polymerase, was obtained from T. M. Fuerst and B. Moss (36) .
Expression vector construction. The cytomegalovirus promoter-driven HTLV-1 Env expression vector pCMV-ENV was a gift of M.-C. Dokhélar (41) . This vector was modified to pCELT.1, which expresses HTLV-1 Env, C-terminally tagged with the monoclonal antibody (MAb) C8 epitope (1, 10) . Mutations were introduced into a KpnI-NsiI fragment (env nucleotides 939 to 1388) by PCR mutagenesis. The sequences of Env mutants were confirmed by the ABI Prism BigDye terminator system (Applied Biosystems). pMBPLϪ/gp21(338-425) drives the expression of MBP-gp21 in E. coli (10, 28 (2) into the cytomegalovirus-based vector pCDNA3 (Invitrogen).
Antibodies. MAb C8 (directed against the HIV-1 Env cytoplasmic tail) was obtained from G. Lewis (1), while MAb 46 (directed against HTLV-1 gp46) was a gift of David Tribe, The University of Melbourne, Melbourne, Victoria, Australia. Immunoglobulin G was purified from the plasma of an HTLV-1-infected individual (anti-HTLV) using protein A-Sepharose (Pharmacia Biotech).
Western blotting. Transfected 293T cells were lysed for 10 min on ice in phosphate-buffered saline containing 1% Triton X-100, 0.02% sodium azide, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 5 g of aprotinin ml Ϫ1 , 5 g of leupeptin ml
Ϫ1
, and 1 mM dithiothreitol. Lysates were clarified by centrifugation at 10,000 ϫ g at 4°C prior to polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS-PAGE) in 12% polyacrylamide gels under reducing conditions. Proteins were transferred to nitrocellulose prior to Western blotting with MAb C8 using the Boehringer chemiluminescence blotting substrate procedure.
Assessment of cell surface Env expression using an antibody binding assay. The chloramine-T procedure (24) was used to radioiodinate anti-HTLV. The radioiodinated antibody was precleared with 10 7 293T cells for 2 h on ice before its addition to transfected 293T cells at 48 h posttransfection. The transfected cells were incubated with 125 I-anti-HTLV for 1 h on ice in phosphate-buffered saline containing 10 mg of bovine serum albumin ml Ϫ1 with occasional gentle agitation. The cells were then washed four times with the same buffer before counting in a Packard Auto-Gamma counter.
Luciferase reporter assay for cell-to-cell fusion. 293T (effector) cells were cotransfected with the pCELT.1 and pTMluc vectors. Twenty-four hours later, HeLa target cells were infected with vTF7.3 at a multiplicity of infection of 1 PFU per cell. At 16 h postinfection, HeLa cells were resuspended in phosphatebuffered saline containing 50 M EDTA, washed twice in complete medium, and then cocultured with transfected 293T cells for a further 6 h in the presence of 1 g of actinomycin D ml Ϫ1 and 40 g of cytosine arabinoside ml Ϫ1 at 37°C. Cells were then lysed and assayed for luciferase activity using the Promega (Madison, Wis.) luciferase assay system. [ 35 S]cysteine (ICN) per well for 14 h. Immunoprecipitations were performed as described previously (40) .
Expression and purification of MBP-gp21 chimeras. Fusion proteins were induced in E. coli strain BL21 (DE3/pLysS) cells by the addition of 0.2 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) and then purified as described previously (10) . MBP-gp21 chimera oligomers were isolated by Superdex 200 (HiLoad 26/60) gel filtration chromatography (Pharmacia Biotech) in S buffer as described previously (10) . The gel filtration calibration markers, blue dextran, ferritin (440 kDa), catalase (232 kDa), and bovine serum albumin (67 kDa), were obtained from Pharmacia Biotech. Reducing SDS-PAGE (10% polyacrylamide gels) revealed a single ϳ45-kDa band for all chimeras. Electrospray mass spectrometry (PE Sciex API III instrument [10] ) indicated that the monomer molecular mass of each chimera was within 5 Da of the calculated molecular mass.
RESULTS AND DISCUSSION
Maturation of Env mutants. The HTLV-1 Env precursor, gp62, is cleaved in the Golgi apparatus to yield the mature SU, gp46, and the TM protein, gp21, which remain noncovalently associated (39) . Mutant forms of gp62 were expressed in similar quantities in 293T cells and in most cases processed to yield similar amounts of gp21 ( Fig. 2A) , indicating intracellular translocation of cleavage-competent Env structures. The F402H, F402L, F402A, and H409P mutants had reduced cleavage, indicative of folding defects that blocked maturation.
The cell surface expression of Env mutants was assessed by using a surface-binding assay employing 125 I-radiolabeled anti-HTLV. Anti-HTLV immunoprecipitates only gp62, gp46, and gp21 from [ 35 S]Cys-labeled pCELT.1-transfected 293T cell lysates (data not shown). The levels of cell surface expression were Ն75% of that of the wild type for all but two cleavagedefective mutants, F402H and F402A (Fig. 2B) . Background levels of binding to 293T cells transfected with negative control plasmids were 10% Ϯ 2% for pTM.1 and 11% Ϯ 4% for pcgp160 NL4.3 . The surface expression levels of the cleavagedefective mutants F402L and H409P were Ͼ80% of that of wild-type Env. These results suggest that the mutations altered the conformation of the SU-TM protein cleavage site in the absence of major global conformational defects, as has been previously documented for HIV-1 Env mutants (8, 18, 21, 43) . By contrast, the surface expression of F402 and F402A mutants was decreased by ϳ50% and was consistent with global conformational defects that cause retarded translocation.
The gp46-anchoring ability of gp21 mutants was compared by immunoprecipitation of gp46 shed from [
35 S]Cys-labeled 293T cells. Similar levels of cell-associated (Fig. 2C) and shed (Fig. 2D) gp46 were observed for wild-type Env and for the mutants tested (i.e., mutants that were cleaved normally but were fusion defective [see Fig. 3]) . Thus, all mutants appear to mature normally with the exception of F402H, F402L, F402A, and H409P.
Functional role of the N-terminal helix cap. The gp21 coiled-coil N terminus is stabilized by contacts between the C␤ atom of Met-338 and the C␤, C␥, and C␦2 atoms of the first helical residue, Leu-340, about the threefold symmetry axis. The remainder of the Met-338 side chain occupies a cavity associated with Gly-343 at the N terminus of the coiled coil (Fig. 1B) . This hydrophobic helix-capping structure differs from typical N caps, where the residue immediately preceding the N terminus of an ␣-helix, hydrogen, bonds with the NH group of the third helical residue; Ser, Thr, Asn, Asp, and Cys are the most favored N-capping residues (17) . The side chain of the first nonhelical residue of gp21, Ser-339, points into solvent without making any helix contacts. The gp21 helix cap is an essential functional determinant, because substitutions at either Met-338 or Leu-340 led to decreases in fusion activity correlating inversely with the hydrophobicity of the substituting side chain (Fig. 3) . These substitutions did not affect Env maturation (Fig. 2) , suggesting that the helix cap may be important in the fusion-activated structure.
Fusion-activated HA2 contains a four-residue (Q 34 AAD) N cap that is stabilized by a complex network of hydrogen bonds and two nonpolar layers (14) . The gp21 and HA2 coiled-coil N caps are superimposable (root mean square distance, 1.0 Å for 21 backbone atoms corresponding to residues 34 to 40 of HA2), with M 338 S of gp21 and Q 34 AAD of HA2 exiting the coiled coil laterally in an extended conformation (Fig. 1C) . This conservation indicates that the helix caps may have evolved to stabilize the N terminus of the coiled coil in the fusion-activated TM protein structure, linking fusion peptides to the coiled coil through a nonhelical segment (14) (Gly-332 to Ser-337 in gp21). Such a structure positions the fusion peptides to extend away from the threefold symmetry axis of the coiled coil to direct their oblique insertion into the target membrane, as has been inferred from biochemical studies with HA2 model peptides (31, 32) . The oblique insertion of fusion peptides may destabilize a larger area of the target membrane than perpendicular insertion. The latter model has been implicated for paramyxovirus TM proteins in which fusion peptides appear to be a helical continuation of the coiled coil (4). However, random insertion of fusion peptides linked to the coiled coil through a flexible linker (45, 51) cannot be ruled out. It is not possible to predict from amino acid alignments whether or not other retrovirus TM proteins have N caps homologous to that of gp21. Because the HA2 and gp21 N caps are stabilized by different types of interactions, other retroviruses may have evolved a variety of structurally related mechanisms to stabilize the N terminus of their central coiled coil.
Functional role of the chain reversal region. At the base of the gp21 coiled coil, a complex substructure mediates a chain reversal to enable the antiparallel packing of the C-terminal segment against the exterior of the coiled coil. The substructure comprises a 3 10 -helix (Trp-387 to Gln-389), a conserved Gly-390-Gly-391 hinge motif, a short ␣-helix (Leu-392 to Ala-395), and the disulfide-bonded loop (Cys-393 to Cys-400) (Fig.  1D) . Corresponding substructures are present in the murine leukemia virus (MuLV)TM protein (p15E [22] ) and in GP2 of Ebola virus (34, 50) (Fig. 4) . These substructures pack roughly perpendicular to the coiled coil through hydrophobic and polar interactions.
(i) A hydrophobic core at the base of the coiled coil. A small hydrophobic core is formed at the base of the coiled coil where Phe-386 packs with Ala-395 within the disulfide-bonded loop and with Leu-384 and Leu-385 of an adjacent monomer's central ␣-helix (Fig. 1D) . Whereas replacement of Phe-386 with other bulky residues (His and Ile) was tolerated, an F386A substitution reduced fusion activity to 20% of that of the wild type (Fig. 3 ). This effect is most likely due to a decrease in protein stability resulting from the creation of a cavity in a hydrophobic core, as has been observed in other systems (19) . Replacement of Phe-386 with Tyr decreased fusion activity by approximately 50%, probably due to steric problems associated with the burial of the larger and more polar side chain of tyrosine. None of these substitutions affected Env maturation, suggesting that the contacts mediated by Phe-386 are most critical in the context of a fusion-activated structure. Thus, hydrophobic interactions appear to play an important role in stabilizing both ends of the central coiled coil in a fusioncompetent gp21 structure. Hydrophobic clusters are present at similar positions in MuLV p15E (22) and Ebola virus GP2 (34, 50) , highlighting their general importance in stabilizing the base of the central coiled coil of fusion-competent Env.
(ii) The conserved diglycine motif preceding the disulfidebonded loop. Most retroviruses (excluding type B retroviruses and lentiviruses of ungulates) and filoviruses contain one or more glycines immediately N terminal to the disulfide-bonded loop of the TM protein. The gp21, p15E, and GP2 crystal structures reveal that the Gly-Gly hinge motif precedes a short ␣-helix (Leu-392 to Ala-395 in gp21) that contains the first cysteine of the disulfide bridge (Fig. 4) . Replacement of either Gly-390 or Gly-391 of gp21 with Pro, a residue that severely limits the flexibility of protein backbones by restricting rotation about the N-C␣ bond (46) , led to the complete abolition of Env fusion function (Fig. 3) without affecting Env maturation (Fig. 2) . We tested the effect of the proline mutations on the trimerization of the MBP-gp21 chimera, which contains the gp21 helical hairpin (28) . We assumed that MBP-gp21 trimerization indicated the formation of the gp21 hairpin, whereas aggregation indicated misfolding. MBP containing three alanines fused to its C terminus has a monomeric structure (10) . Superdex-200 gel filtration chromatography shows that both the G390P and G391P mutations induced aggregation of the MBP-gp21 chimera (Fig. 5) . The block in fusogenicity may therefore be due to an inability of gp21 with a Pro substitution to fold into a helical hairpin. Because the Gly-to-Pro substitutions did not affect Env maturation, the conserved Gly-Gly motif appears to be essential for the formation of the helical hairpin structure, perhaps by functioning as a flexible hinge to facilitate the conversion of prefusogenic Env to the fusionactive form.
(iii) The Arg-380-Glu-398 salt bridge. Glutamic acid-398 within the gp21 disulfide-bonded loop forms a salt bridge with Arg-380 or a hydrogen bond with Gln-377, located close to the base of the coiled-coil-forming sequence of an adjacent monomer. Fusion activity (Fig. 3) and MBP-gp21 trimerization (Fig.  5 ), but not Env maturation (Fig. 2) , were abolished by an E398N substitution that precludes the electrostatic interaction with Arg-380, creating a small cavity at this site. The proteins with the more conservative substitution mutations E398Q (geometry) and E398D (charge) retained approximately 50% of wild-type fusion activity. These intermediate phenotypes may be due to the Gln side chain maintaining a hydrogen bond with Gln-377 while an Asp maintains a less favorable electrostatic contact with Arg-380. The electrostatic contact is conserved in the helical hairpin structures of MuLV p15E (Arg-542 to Glu-560) and Ebola virus GP2 (Lys-588 to Asp-607) (Fig. 4) ; structure-based alignments of retroviral TM protein sequences suggest that these electrostatic contacts are also likely to be important features in TM proteins of type D and avian leukosis and sarcoma retroviruses (28) . Our observations suggest that these conserved salt bridges serve to stabilize or position the FIG. 5 . Gel filtration of MBP-gp21 chimeras. MBP-gp21 chimeras bearing fusion-inhibiting mutations were purified from the soluble fraction of E. coli lysates using amylose-agarose. The oligomerization of wild-type (WT) and mutant chimeras was assessed by Superdex 200 gel filtration chromatography. BD, blue dextran; OD, optical density. region of chain reversal against the base of the coiled coil in the helical hairpin.
(iv) The conserved, solvent-exposed Phe-402. Phenylalanine-402 occupies a solvent-exposed position on the C-terminal side of the disulfide-bonded loop, adjacent to the unpaired Cys-401. Mutation of Phe-402 to Leu, His, or Ala led to the abolition of Env maturation (Fig. 2) . The inhibition of processing with mutants of Phe-402 suggests that it plays a structural role in gp62, implying that Phe-402 may be associated with the core of prefusogenic Env, becoming solvent exposed during the formation of the helical hairpin. Phenylalanine-402 does not, however, appear to be essential for the acquisition of the helical hairpin conformation, because the F402L mutation was tolerated in the MBP-gp21 trimer (Fig. 5) .
Phenylalanine residues that are C terminal to the disulfidebonded loop are conserved in the TM proteins of type C (e.g., MuLV) and type D retroviruses (28) . The solvent-exposed Phe-564 of MuLV p15E (Fig. 4) is adjacent to the unpaired Cys-563, which forms a labile disulfide bond with SU. Proteolysis experiments have suggested that the SU sequence C 312 WLCL, which closely resembles the active-site sequences of thiol-disulfide exchange enzymes, is responsible for the labile disulfide bond with Cys-563 (38) . Because this SU sequence is rich in hydrophobic residues, it may be a contact site for Phe-564 in the SU-TM protein interface. Similar CXXCX motifs (where X is a hydrophobic residue) are present in the SUs of HTLV-1 (C 226 IVCI), HTLV-2, bovine leukemia virus, and type C and type D retroviruses, providing potential docking sites for the Phe-564 homologs of these viruses. A possible mechanism for TM fusion activation may require SU-receptor binding to trigger the expulsion of Phe-402 from the core of prefusogenic SU-TM protein complex to become solvent exposed in the fusion-activated helical hairpin. It should be noted that the receptor-binding GP1 subunit of filoviruses and the SU of avian leukosis and sarcoma retroviruses do not contain thiol-disulfide exchange CXXCX motifs, which may account for the stable covalent associations between GP1-GP2 (44) and SU-TM protein complex (29) in these viruses. Nevertheless, Ile-610 of Ebola virus GP2 occupies a solvent-exposed position homologous to Phe-402 of gp21 (Fig. 4) , while avian leukosis and sarcoma virus TM proteins also contain gp21 Phe-402 homologs, suggesting conserved functional roles for these hydrophobic residues.
Interactions between the coiled coil and the C-terminal ectodomain segment. The C-terminal ectodomain segment of gp21 (Leu-403 to Asn-421) packs into a groove on the surface of the coiled coil, burying a large complementary surface area (28) . This packing is mediated in part by the C-terminal ␣-helix residues, His-409, Val-410, Ile-412, Leu-413, and Gln-414, contacting the coiled-coil residues. The results presented in Fig. 3 indicate that polar interactions mediated by His-409 (Fig. 1E) are not important for fusogenicity, whereas hydrophobic inter- actions between Val-410 and His-365 are essential. The Cterminal ␣-helical structure may also be important, because fusion activity is abolished by the S411P mutation, which was designed to introduce a kink into the ␣-helical element. Tyrosine-374 is located on the surface of the coiled coil, making hydrophobic contacts with Cys-401 and Leu-403 of the Cterminal segment and a hydrogen bond with Arg-379 of an adjacent monomer's coiled-coil-forming sequence (Fig. 1D) . These contacts are also essential for Env fusion competence, as mutation of Tyr-374 to His, Leu, or Ala completely abolished fusogenicity (Fig. 3) . The V410A, S411P, and Y374A substitutions did not affect MBP-gp21 trimerization (data not shown), and V410A and Y374A MBP-gp21 mutants were recognized by conformational MAbs, HT2 and HT48, raised against MBPgp21 (H. E. Drummer and P. Poumbourios, unpublished observation). The ability of these mutants to retain a global helical hairpin conformation despite the loss of fusion activity may be due to multiple contacts being used to pack the Cterminal ectodomain segment into the groove on the surface of the coiled coil (28) .
Implications for membrane fusion. Recent models of retrovirus fusion (12, 45) are based on the influenza virus HA2 fusion process, in which endosomal pH induces refolding of the metastable prefusogenic HA2 structure into a thermostable, ϳ110-Å-long fusion-active helical rod (6, 14) . Whereas the receptor for HTLV-1 is not known, studies with HIV-1 (23, 27, 47), simian immunodeficiency virus (SIV) (3), and avian leukosis and sarcoma virus (15, 26) indicate that receptor binding by SU is the fusion activation trigger for retrovirus TM proteins. TM protein fragments derived from MuLV, HIV-1, SIV, Ebola virus, simian virus 5, and influenza virus also adopt thermostable helical hairpin structures analogous to fusionactivated HA2 when expressed in E. coli in the absence of receptor-binding subunits (4, 6, 11, 22, 33, 34, 48, 50, 51) . These structures imply that the N-terminal fusion peptide and C-terminal TM sequence are positioned at the same end of the rod, consistent with a structure that closely apposes viral and target cellular membranes in order that they may fuse.
The data presented here indicate that retrovirus Env fusion competence requires that the central coiled coil of the fusionactivated TM protein structure be stabilized by an N-terminal helix cap and C-terminal hydrophobic cluster. These interactions may help to lock the central coiled coil into a stable membrane-embedded rod about which the fusion-inducing conformational change occurs. Our data are also consistent with the idea that the region of chain reversal plays a conserved role in transmitting a conformational signal from receptorbound SU to the TM protein so that the fusion-activated helical hairpin structure can be induced. A hypothetical pathway for the conformational change is summarized in Fig. 6 , using HTLV-1 Env as an example. Receptor binding by SU induces the expulsion of Phe-402 from the core of prefusogenic Env to a solvent-exposed location. Refolding of the TM protein to a more stable conformation involves movement of the disulfidebonded loop about the Gly-Gly motif to allow formation of the Arg-380-Glu-398 salt bridge.
The available HIV-1 and SIV gp41 helical hairpin structures lack an intact chain-reversal region (7, 11, 33, 48, 51) . However, sequence comparisons reveal that various features of the HIV and SIV chain reversal region may have parallels in other retroviruses, including HTLV-1 and MuLV (28) . These features include the hydrophobic sequence immediately C terminal to the coiled coil, the conserved glycine preceding the disulfide-bonded loop, the conserved basic residue in the center of the disulfide-bonded loop that could make ionic contacts with conserved acidic residues close to the base of the coiled coil, and a conserved hydrophobic sequence, Val-X-Trp, located C terminally to the disulfide bridge (28) . The results of in vitro mutagenesis experiments have revealed that residues C terminal to the gp41 disulfide-bonded loop are in intimate contact with the C terminus of gp120 (5) and that the N-and C-terminal regions of gp120 provide a hydrophobic binding site for gp41 (25) . It is therefore important to determine if the Val-X-Trp motif of gp41 contacts gp120, perhaps acting as a functional analog of the solvent-exposed Phe residue of gp21 and p15E.
Mutations of the ectodomain cysteines of MuLV p15E and HIV-1 gp41 result in Env maturation defects (16, 49) , suggesting that the disulfide-bonded loop is already formed in prefusogenic retroviral Env proteins, functioning as a module. Stabilization of the region of chain reversal against the base of the coiled coil may therefore involve repositioning of the disulfidebonded loop rather than extensive refolding. This scenario is in contrast to the case with influenza virus HA2, in which fusion activation requires refolding of the C-terminal one-third of the central coiled coil, creating a new hydrophobic core that stabilizes the chain reversal (6) . These conformational events at the base of the rod may trigger the refolding and relocation of the C-terminal ectodomain segment into a groove on the surface of the coiled coil that, in the case of gp21, buries approximately 2,630 Å 2 in the interface (28) . Similar or larger surface areas are buried in the interfaces formed between the central coiled coil and C-terminal segments of HA2 (5,351 Å 2 ), GP2 (2,840 Å 2 ), and SIV gp41 (3,648 Å 2 ) helical hairpins, although the structures of the C-terminal ectodomain segments vary considerably. The gain in free energy associated with the refolding and burial of these large surface areas (30) may help drive membrane destabilization and fusion when TM anchors become juxtaposed with fusion peptides.
